Abstract-This paper presents a novel control strategy of AC/DC power converters. The proposed control algorithm is based on Sliding Mode Control methodology. The basic idea is to apply feedback implementation of pulse-width modulation (PWM). The method exhibits low sensitivity to disturbances and fast dynamic performance in addition to the main converter properties. The proposed sliding mode control method ensures that the power converter has the following properties: unity power factor, sinusoidal input currents, and low level of DC output voltage ripple. Discussion starts with the circuit model and design methodology. Then, a sliding mode current control tracking system is designed. Finally, output voltage control is developed. The effectiveness of the proposed control strategy has been demonstrated through various simulation cases.
INTRODUCTION
The stability and quality of electrical power is impaired substantially due to the physical properties of the elements used for power generation from various energy sources, including the renewable ones, and also for ever demanding power distribution and consumption [1, 2] .
In AC three phase power grids, it is common that equipment of power stations, transmissions, switching gears and power consumption devices are with low power factor (Pf = 0.5-0.7) with high harmonic distortion, and that high level of reactive power coexists along with active power [3] . All these lead to poor utilization of system transmission capacity, low efficiency due to a high level of losses, sensitivity to disturbances and instability in transient switching. In addition, for safety, all system elements have to be oversized in design, implying higher prices, bulkier sizes and added waste of raw materials. In particular, there are growing number of nonlinear loads, such as power electronic based rectifiers and converters that have "ON-OFF" as the only admissible operation mode. Nonlinearities of loads inevitably result in higher contents of harmonics and low quality of electric power if the "ON-OFF" switching operation mode is not properly dealt with [2, 3, 4] .
Recently, a variety of power electronic devices with three phase AC/DC converter has been widely used in industry and power systems [5] . One of their disadvantages is that they cause inherent problems of reactive power generation and higher harmonic content in the input current. These practical problems have become more serious as the AC-DC converter capacity becomes much larger [6, 7, 8] .
The ideal AC/DC converter has a constant dc output voltage (or current) and a pure sinusoidal input current at unity power factor from the ac line. Conventional thyristor phasecontrolled converters have an inherent drawback which is that the power factor decreases as the firing angle increases and that harmonics of the line current are relatively high [5, 9, 10] . In recent years, there has been a tendency to operate AC/DC converters with pulsewidth modulated (PWM) switching patterns to improve the input and output performance of the converter. PWM AC/DC converters offer distinct advantages over the conventional rectifiers [11, 12] . These advantages include unity power factor, capability of bidirectional power flow, low harmonic components in input current, and low ripple in output voltage. All of these features simplify filtering problems on both ac and dc sides of the converter [6, 12, 13] .
PWM approaches can be classified into two categories depending on the control techniques used. The first category is open-loop or feedforward pulsewidth modulation based on the so called space-vector control method, where pre-calculated switching pattern is used. The second category is closed-loop or feedback modulation where the switching action depends on feedback information, such as hysteresis band PWM [14, 15, 16] .
In recent years, a lot of research efforts has been devoted to the application of sliding mode control techniques to power electronic equipment and electrical drives. The tendency stems from the nature of sliding mode with discontinuous control actions. Interest in this control approach has emerged due to its potential for circumventing parameter variation effects along with low implementation complexity [14] . Sliding Mode PWM is a close-loop control method. The control objective is to track proper reference inputs using a three-phase full-bridge converter. Compared to the conventional PWM techniques, the sliding mode approach has a good dynamic performance, minimizes system sensitivity to disturbances and reduces the steady state error to zero [14, 15] .
The objective of this paper is to develop a feedback control algorithm such that the output voltage is maintained at the desired level with zero steady state error, input currents are free of higher harmonics and the reactive power is equal to zero. This mission will be accomplished using the framework of sliding mode control methodology implying that the order of the motion is reduced with state trajectories in the pre-selected manifold with the system state space. Chattering issues will also be discussed. This paper is organized as follows. Section II describes the circuit model and design methodology. A detailed description (5) (6) (7) (8) of the proposed control algorithm, including tracking system design and output voltage control, is given in sections III and VI. Section V shows the simulation results. Finally, the conclusion is presented in section VI.
II. CIRCUIT MODEL AND DESIGN METHODOLOGY
A three phase PWM AC/DC voltage source converter is shown in Fig.1 . The system is fed from a balanced three-phase ac power supply. The converter has six ideal switches with bidirectional current flow capability. It is assumed that all switches operate in the continuous conduction mode and the output voltage is never shortened. The switching function of each switch can be defined as:
It can be shown that the phase-neutral voltages are related to the switching function by:
The current equations in (3) can be also written using the switching function as:
where I is the identity matrix and the resistance R is neglected since it is usually small compared to other circuit parameters. It is assumed that the system is fed from a balanced three-phase ac power supply and since sum of the currents is equal to zero, of the three phase system can be found from (3) It looks natural that is discontinuous. However, its average value changes continuously. The output voltage equation can be given by:
The design methodology proposed in this paper is different compared to that usually used for AC/DC power converters. It is common to start with solving the main problem of maintaining the DC output voltage at the desired level and then minimizing high order harmonics and reactive power at the input. In this paper, the inverse sequence of actions is offered. First, the intermediate problems of having pure sinusoidal input currents and unity power factor are solved. Then, it is proved that the steady state output voltage is constant and depends only on the amplitude of the input current.
First of all, a tracking system is designed with sinusoidal current references proportional to the input ac voltages. This means that the reactive power is automatically equal to zero. If the tracking system is ideal, the input current will be free of higher harmonics. The second phase of the research work was the output voltage control. It was shown that the output voltage will be constant and depends only on the amplitude of the reference input if designing the ideal tracking system is accomplished.
(1) (2) (4)
III. SLIDING MODE CURRENT TRACKING CONTROL
According to the proposed design procedure, phase currents should track sinusoidal reference inputs proportional to input ac voltages. The tracking problem is solved in the framework of sliding mode methodology [14, 15] .
Substituting equation (7) into (6) results in:
where, Since the sum of the three-phase currents is equal to zero, three state variables should only be controlled: output voltage and two phase currents in a system with a three dimensional control vector S. But, unfortunately the conventional sliding mode method cannot be applied directly since matrix is singular. Because of that, we will start with designing a tracking system for two phase currents only. It means that sliding mode should be enforced on the intersection of two surfaces and or in vector form:
Excluding the phase current yields to:
where is a 2x3 matrix given by:
The ideal tracking system is based on Lyapanov function:
Discontinuous control should be selected such that time derivative of V is negative definite. The time derivative on the system trajectory can be easily calculated as:
where,
If is large enough, can be suppressed with control S given by:
where are selected such that . This means that tends to zero. Even more, becomes zero after a finite time interval t s [14] . As a result, sliding mode occurs with . So, if a tracking system is designed with sinusoidal current references proportional to the input ac voltages as:
Then, first problem of having zero reactive power and phase currents free of higher harmonics is solved.
IV. OUTPUT VOLTAGE CONTROL
The main objective is to maintain the DC output voltage at the desired level. The first question to be answered is what is the output voltage after sliding mode occurs? Sliding mode equation can be derived using the so called "equilibrium control" procedure.
Step 1: time derivative of vector on the state trajectory is made equal to zero.
Step 2: the obtained algebraic equation should be solved with respect to control S and then substituted in the original system.
The equivalent control: is the solution of the equation:
Taking into account that the three phase input currents can be written as:
After substituting equations (17) and (19) For the given balanced three phase input voltages given in (2) and after sliding mode occurs ( ), we can notice that:
After substituting equations (21) into (20), the sliding mode equation is given by:
The last equation has only one asymptotically stable equilibrium point that can be calculated using equation (23): In order to prove the stability of the equilibrium point, represent the right hand side of equation (22) in the form:
The derivative of is negative as shown is equation (25) Therefore,
This proves that the equilibrium point of (22) is asymptotically stable.
As it can seen, the output voltage tends to a constant value which depends on the value of constant K in the reference current input equation. If R is known, K can be easily assigned. Otherwise, K should be varied such that the equilibrium point is equal to desired value . As in any boost converter, our voltage should be greater than some minimum value. Correspondingly, K K min . Selected K as an integral function of the mismatch as shown in equation (26) The last term of (26) is added to prevent K from being less than K min . The only steady state of the system is , and the value of K is give in (27) If then, according to (22) and (26), for any . Substituting in equation (23) The time derivative on the system trajectory can be easily calculated as given in equation (31): Since , this means that and the equilibrium point is globally asymptotically stable.
V. SIMULATION RESULTS
In order to evaluate the proposed sliding mode control strategy, computer simulations have been conducted using Matlab/Simulink software. Parameters of the AC/DC power converter are as follows: the amplitude of the input voltage source V, input line inductance , output capacitance , frequency of the supply voltage and load resistance . The method exhibits low sensitivity to disturbances and fast dynamic performance in addition to the main converter properties. All of the reported results were obtained under the assumption that ideal sliding modes are enforced in the systems. Fig. 2 shows the DC output voltage using the proposed method. As it can be seen, the output voltage is maintained at the desired level u cref =105 V with zero steady state error and depends only on the amplitude of the reference input. Results of the current tracking control system are shown in Fig. 3 and Fig. 4 . After the transient stage, phase currents track references very well. This proves that the proposed sliding mode control strategy ensures that the input currents are free of higher order harmonics Fig.5 shows the source voltage and current. It illustrates the ability of the proposed control algorithm to reduce the reactive power to zero and maintain a unity power factor. ). In this case, K should be varied such that the equilibrium point is equal to desired value . For this purpose, K is selected as an integral function of the mismatch . A novel design strategy to control AC/DC power converters based on sliding mode methodology is proposed in the paper. The conventional problem of maintaining the output DC voltage at the desired level is solved along with minimization of distortions and reactive power in the input currents. It is demonstrated that the efficient method to handle the above problems implies two-step design procedure: first, reducing the distortions to zero and keeping the power factor equal to zero, and then designing an additional feedback to stir the output voltage to the desired constant value. The control is based on feedback implementation of PWM. It proved that after the first step, the DC output voltage can always be maintained at the desired level . The main advantages of the proposed design are robustness inherited from sliding mode methodology, ideal tracking capability, good dynamic performance, zero steady state error and easy implementation. A Sliding Mode Current Control Tracking System was designed based on the Lyapunov approach. Simulation results show that the converter with the proposed control methodology maintains its output voltage at the desired level and draws sinusoidal input currents in phase with the input voltage. The reported results were obtained under the assumption, that ideal sliding modes are enforced in the systems. The modern switching devices with frequencies of order hundred kHz make this assumption realistic. However if heat losses make too high switching frequency no admissible, the chattering caused by sliding mode control can be suppressed using "Harmonic Cancellation" principle in multiphase converters [17] .
